Over the last decade, terrestrial laser scanning and digital terrestrial photogrammetry techniques have 19 been increasingly used in the geometrical characterization of rock slopes. These techniques provide 20 innovative remote sensing tools which overcome the frequent problem of rock slope inaccessibility. 21
Introduction 34 35
Surface mining represents a major important economic activity for many countries worldwide. With the 36 high number of people working in the mining industry, safety in the workplace has become an over-riding 37 priority. In this context, the use of new technologies to study and monitor mining and quarrying areas can 38 play a very important role in risk assessment and management. 39
This paper, developed within the framework of the Italian National Research Project PRIN2009, provides 40 a new approach for the study of open pit quarry slopes based on the integrated use of remote sensing 41 techniques for deterministic stability analyses using combined simple kinematic analysis techniques and 42 three dimensional Finite Difference Method (FDM) stress models. The research describes the case study 43
of the Lorano open pit, characterized by a buttress-shaped remnant from previous excavation activities. 44 The quarry is located in the Carrara district of the Apuan Alps (Italy) which is the most active marble 45 quarrying region in Europe. Here several quarry walls reach hundreds of meters in height and are 46 dominated by natural slopes with very complex morphology. In such an environmental context 47 conventional structural and engineering geological surveys can only be executed at the foot of the slope; 48 therefore, the data obtained from these surveys often provides an incomplete knowledge of the area. An 49 alternative approach would be to have surveys carried out by technicians who are trained in rope access 50 climbing on high rock slopes. There are however limitations and technical difficulties in the 51 implementation of such rope access survey methods, including the close proximity to the quarry wall 52 which compromises visibility and the ability to recognize large-scale geological features, as well as the 53 unavailability of suitable cartographic maps. For these reasons, the use of remote sensing techniques has 54 the potential to significantly increase the information on the geometry and the structural geological setting 55 of quarry slopes. 56
In this research, two different remote sensing techniques have been used to complement the data obtained 57 from traditional engineering geological surveys. The remote sensing methods used included Terrestrial 58
Laser Scanning (TLS) and Unmanned Aerial Vehicle (UAV) based Digital Terrestrial Photogrammetry 59 (DTP). Several authors have demonstrated the use of TLS and DTP in the study of rock slopes and the 60 advantages that these techniques offer in the structural geological and kinematic analysis of rock slopes 61
[30], [3] , [38] , [20] , [79] , [50] , [31] , [54] , [77] , [78] , [69] , [71] . Although UAV technology has been 62 increasingly used in the last few years there remain few published references related to the study of rock 63 slopes [42] , [60] , [22] . 64 understanding the stress distribution within the slope. The kinematic analysis was performed using an 68 integrated remote sensing -Geographic Information System (GIS) approach. 69
This allowed for a deterministic kinematic analysis based on the geometry of the slope and joint sets. 70
Based on a similar concept, different approaches were used by Brideau et al. [13] and Salvini and 71
Francioni [70] . Brideau et al. [13] compared the wedge intersection vector orientations with the 72 topographic surfaces from a DSM to understand the influence of three-dimensional topography on slope 73 stability analysis. Salvini and Francioni [70] carried out a form of "kinematic back-analysis" using the 74 joint attitudes to identify the areas on the slope that could be affected by future failures. 75
The FDM analysis was carried out using a simplified 3D model derived from TLS and topographic map 76 at scale of 1:2,000 and focused on characterisation of the rock slope stress distribution. It is known from 77 literature how stress-induced damage due to excavation can be a frequent problem in mining and 78 quarrying and the presence of such stress-induced fractures was observed in the study area in this and 79 previous studies [18] , [52] and [17] . These newly generated excavation stress-induced brittle fractures 80 may be an important consideration in the stability of an area and their study could decrease the risk of 81 failure and increase the quality of marble in future extraction works. The principal aim of this study was 82 to understand the stress-induced damage caused by the in-situ stress acting in the area and/or the 83 excavation processes. Several authors have studied the relationship between the acting in-situ stresses, the 84 excavation process and brittle fracturing in excavation areas, particularly in underground mining [14] , 85
[15], [28] , [29] , [16] . In this research the Itasca TM FLAC3D code [49] , was used for modelling of 86 excavation induced stress in the quarry slopes. 87 88
The Lorano open pit case study 89 90
The Lorano open pit is located in the Carrara district where marble quarrying is the most important 91 economic activity. Marble extraction in this area has a long history dating back to the Roman Empire (VI 92 -II B.C). Today the Carrara district is the most important marble mining area in Europe with more than 93 100 active quarries and a production of around 1,000,000 tons/year of blocks and aggregated gravels [18] . 94
Geologically, the Apuan Alps belong to the Northern Apennines and are a compressional fold-thrust belt 95 formed during the Oligocene due to the collision between the Corsica-Sardinia microplate and the Italian 96
Evidence for two main tectonic phases can be found in this area. During the first so-called D1 phase (late 98 In addition to DTP, terrestrial laser scanning was used to provide additional geometric information about 188 the buttress and to validate the data obtained from the photogrammetric survey. TLS is a survey technique 189 for rapidly obtaining the geometry of objects with high precision. Several types of laser scanner currently 190 exist with different measurement principles and technical specifications [7] , [37] . In this paper, a Riegl TM
191
Z420i laser scanner was used for the survey. This instrument uses time-of-flight technology to determine 192 distances to an object at a maximum distance of about 1 km. 193
Considering the geometry of the buttress, three point clouds were acquired to limit the occlusions in the 194 output data; the slope scanning resolution was set to 0.07 m at a distance of 300 m. Sturzenegger and 195 Stead [78] and Francioni et al. [34] discussed the complexity of aligning several point clouds in the same 196 reference system through the registration process. The integrated use of Total Station (TS), differential 197 GPS (Global Positioning System) can be adopted to overcome problems related to the registration 198 process. In this case study 15 High-Definition Surveying (HDS) targets were used in the TLS data 199 acquisition whose absolute coordinates were acquired by a TS topographic survey. The targets were 200 automatically recognized by the Leica TM Cyclone software (used also in the TLS data post-processing) so 201 that the registration could be easily computed by assigning them absolute coordinates. The topographic 202 survey played an important role in the registration process and will be described in more detail in the 203 following section. 204 205
Topographic survey 206 207
The topographic survey was carried out by means of the Leica TM TCRP 1203+R1000 reflectorless Total 208 Station and two geodetic Leica™ 1200 GPS receivers. They were essential for the acquisition of the HDS 209 targets and GCPs for photogrammetry. During the TS survey, the intersection method was used to relate 210 all the measurements to a unique reference system. Using this technique it was possible to locate the TS 211 in different positions (suitable for the acquisition of HDS targets and GCPs) and to relate all the 212 measurements to the first station (called "Master Station"). The use of the TS and the intersectionThe GPS survey was used to determine the absolute coordinates of all the points measured with the TS; to 215 accomplish this, a GPS receiver was set up in the same position as the Master Station and the absolute 216 coordinate of the latter determined. Subsequently, a second GPS receiver was utilized to obtain the zero-217
Azimuth for the TS and, finally, the absolute coordinates of all the measured points determined. The 218 differential GPS surveys were performed in static modality with an acquisition time of up to 3 hours. The 219 coordinates of the points acquired with this technique were corrected by post-processing procedures using process, a stereographic model of the buttress was built and used for the stereo-interpretation of structural 252 geological features including joint attitude, spacing and trace length. These features were stereo-restituted 253 using the Stereo Analyst module of ERDAS TM IMAGINE; the joint attitude was represented in the 254 stereoscopic model by triangles drawn co-planar with the discontinuities, while the spacing and trace 255 length were shown using 3D lines. Figure 4A shows stereographic representation of the discontinuities 256 measured on the slope using DTP. The three TLS point clouds acquired during the survey were registered 257 using the HDS targets and allowed the construction of a unique 3D model of the buttress. As mentioned 258 above, using the topographic surveys and the intersection method it was possible to align GCPs and HDS 259 targets in the same reference system with an estimated error of approximately 5 mm. In this way, the 260 stereoscopic model from DTP and the TLS 3D model were integrated and used for the construction of a 261 detailed full 3D model with high resolution orthophotos of the buttress ( Figure 5 ). 262
The DTP approach provides a high level of data interpretability during the stereo-restitution but can be 263 prone to human error. For this reason, the attitude of the discontinuity surfaces and slopes was also 264 extracted from the TLS point clouds using the Leica TM Cyclone software through a semi-automatic 265 procedure. In practice, several points (at least three) representing the surface under investigation must be 266 selected on the point cloud; the software automatically recreates the surface and determines the attitude ofits pole. Figure 4B shows the stereographic representation of the discontinuities measured on the slope 268 using TLS. Table 3 ). K1, K2 and K3 represent the three 278 main joint systems surveyed with these techniques and S1 represent the structures associated with the 279 metamorphic foliation S1 which characterizes the Apuan Alps (see section 2). Table 3 also shows the 280 measurements of spacing and trace length carried out using the remote sensing data. However, due to the 281 difficulty in defining the trace length in the photogrammetric model (especially when the joint spacing is 282 small as often is the case in the Carrara marble district) and to fact that these parameters were required 283 in the following analyses, these measurements should be considered as a preliminary approximate 284 estimation only. Conventional engineering geological survey was necessary to assess the accuracy of the joint sets present 293 at the toe of the slope and to physically and mechanically characterise the discontinuities according to the 294 RMR method. Data obtained from this survey is provided in Figure 7 and Table 4 ; the results gained fromthe rock mass rating show a good quality rock mass with an RMR value equal to 76. However, Figure 7  296 and Table 4 also show that the joint set distribution at the toe of the slope was slightly different to that 297 determined from DTP and TLS. Therefore, data in Table 4 may not be fully representative of all the joint 298 sets illustrated in Table 3 During both the remote sensing and engineering geological surveys, brittle (stress-induced) fractures were 311 identified ( Figure 8 ). It is possible to differentiate these structures from pre-existing discontinuities based 312 on their irregular shape and the lower trace length. These characteristics can make their mapping 313 sometimes challenging with a higher degree of uncertainty and, for this reason the measurements related 314 to the stress-induced fractures were kept separate from those associated with joint sets. 315 
GIS and kinematic stability analyses 320 321
The kinematic slope stability analysis examines the potential for rock slope failures such as planar, 322
wedge, and toppling due to the presence of unfavourably oriented discontinuities. The analysis considers 323 the relative attitude of the discontinuities and the slope plus the effective friction angle along the joint 324 surfaces. Stereographic projections for the kinematic analysis of these simple failure modes are described 325 technique even more attractive because they allow a wider range of data to be analysed. In this research 336 the 3D model and the topographic map at scale of 1:2,000, gained from the TLS, were used in the 337 construction of a simplified Digital Surface Model (DSM) of the pit slope. 338
Starting from the DSM, a GIS spatial analysis was performed to highlight the dip direction of the slope 339 faces ( Figure 9A ). Different colours in Figure 10A represent slopes characterized by varying dip 340 direction. Based on the orientation of the slope faces and using the geo-structural data derived from the 341 geomatic and engineering geological surveys, it was possible to perform a kinematic GIS analysis of 342 slope stability. For each slope face, the steepest safe angle was calculated using the stereographic 343 projection of Dips 6.0 software [66] . The knowledge of the steepest safe angle is very useful for 344 understanding the maximum angle that a slope can be quarried at before subject to potential failures due 345 to interaction with discontinuities. This information was integrated with the steepness of the slope in 346 order to ascertain which areas may be affected by failure. Consequently, a further GIS spatial analysis 347 was carried out and the slope steepness calculated ( Figure 9B ). In this way, all the necessary information 348 Figures 10B and 10C highlight a strong similarity due to an important assumption in 363
Maps shown in
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TM [66] software regarding "pure" planar sliding on a single plane; in fact, in these types of 364 analyses, the occurrence of release planes, such as lateral joints, or tension cracks is assumed to allow 365 planar sliding. These planes are not explicitly involved in the conventional kinematic analysis for planar 366 sliding, but it is important to be aware that a release mechanism must normally exist to allow removal of a 367 block from the slope. This means that planar sliding can be considered as a special case of wedge failure 368 where sliding takes place on only one plane, and other planes act as release planes. It should be noted that 369 the foliation S1 was included in the analysis even if it is not a true open discontinuity set. This was 370 undertaken to reflect the fact that the S1 foliation represents a direction of weakness in the rock mass 371 which can have an important control on the dilation, nucleation and propagation of brittle fractures [18] , 372
[52] and [17] . This phenomenon is visible in the upper right of Figure 8 where low angle fractures (with 373 irregular shape and direction similar to S1) seem to connect the high angle discontinuities that 374 characterize the buttress face. For this reason, the authorities decided to leave in place wider benches at 375 the base of the buttress with the aim to increase the overall stability and avoid the propagation of new 376 generated fractures between system discontinuities. 377 378 6 Three dimensional stress analyses using the finite difference method, FLAC3D 379 380 DTP, TLS and the engineering geological surveys provide fundamental data for an improved 381 understanding of the structural geological setting of the area. Using these methods it was possible to 382 analyse whether the fractures on the slope were related to the complex geological history of the area 383 and/or to the recent excavation activity. In fact, the progress of the excavation can cause the formation of 384 new brittle fractures due to the unloading stress. Their existence in the Carrara marble district (called 385 "forzature" by the local technicians) has been the cause not only of damage within the extracted blocks 386 and slabs, but also of several rock fall events as documented by several authors; see e.g. Figure 11A shows the initial geometry 398 used to calculate the initial stress distribution. Figure 11B shows the reconstruction of the topography 399 before the marble excavation. Figure 11C and D show the geometry of the buttress and the "history 400 points" (points of interest) respectively; the latter were located at different elevations on the marble 401 buttress and interrogated during the excavation progress. after a long discussion on the use and reliability of simple versus complex constitutive criteria noted that 415 the use of an elasto-plastic model makes the calibration of the model extremely difficult due the 416 uncertainty of the additional parameters required, (E, V and density vs E,v. Density, intact cohesion, 417 intact friction, dilation, rock mass cohesion, rock mass friction). In essence at this stage in our models we 418 have focused on location of stress concentrations, not yielding of these stresses. The latter would have 419 necessitated the assumptions inherent in scale-dependent downgrading of the rock properties and hence 420 possibly obscured the results. Wiles suggests, for making stress predictions, the use of an accurate 421 geometry and simple model (Homogeneous, elastic modelling is the best option since the only significant 422 parameter that must be specified is the far-field stress state). Since the elevation of the model was approximately 440 meters, the lithostatic vertical stress σ z (or σ v ) 428 was estimated to be almost 12 MPa at the base of the model. This value was gradually decreased from the 429 bottom to the top so that to be zero at the surface of the initial model. The K values, K x and K y in this 430 preliminary analysis were assumed to be equal to 0.4 (Equations 1 and 2) . , it is suggested that these two stress tensors 494 are related to two different tectonic stages (so-called "D2S1" and "D2S2") within the D2 tectonic phase. 495
During the older stage (D2S1), strike-slip and extensional movements with a general East-Westtectonic denudation and unloading changed the deformation style toward a multi-directional extension 498 which was probably North-South directed within the study area (stress tensor 2 in Table 6 ). clearly illustrated how the use of a helicopter can overcome the above mentioned problems. The use of 549 helicopter systems can be both complicated and expensive and the orientation of the photographs less 550 precise when compared to conventional terrestrial methods of survey. 551
In this context, the advent of UAV systems represents a very important innovation for remote sensing 552
techniques since it provides a very powerful and flexible tool for the acquisition of high resolution 553 photographs. Moreover, they are remotely controlled, thus avoiding the need of a crew and their cost is 554 highly variable and dependent on the specific site requirements. The use of UAV technology in the earth 555 sciences and more specifically in engineering geology has been documented in the literature [42], [60] . In 556 this research the survey was executed using a vehicle that can work in an autonomous manner or be 557 managed from the ground by remote control. Using this vehicle, it was possible to survey both the open 558 pit surface, which is characterized by a very steep geometry, and an overhanging slope which has a 559 complex morphology. All the photographs acquired by the UAV were oriented through the integrated use 560 of TS and differential GPS surveys. This procedure provides a very powerful approach for increasing 561 precision and accuracy of the photograph orientation and TLS registration procedures. The errors 562 obtained during the exterior orientation of photographs, shown in Table 2 , are considered acceptable 563
given the survey distance and the complexity of the slope morphology. In fact, in spite of the accuracy 564 obtained in the measurement of GCP by topographic survey, the UAV is a light and remotely controlled 565 vehicle which can be prone to vibrations and instability phenomena during photograph acquisition. These 566 problems can result in misalignment of photographs and significant errors during their orientation. 567
Recently, the acquisition of a large number of photographs and the use of powerful software including 568 image matching algorithms for the orientation process and the creation of DSM and orthophotos (see 569
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TM Photoscan Professional [1] ) has been shown to decrease these errors. However, if the attitude ofthe UAV is properly controlled, the orientation of photographs permits the creation of accurate 571 stereoscopic models and the stereo-restitution and measurement of geological features such as joint 572 attitude, spacing, and trace length. 573 TLS was used in this research to obtain a very high resolution 3D model of the slope and to validate the 574 results obtained from the stereo-restitution. Three different point clouds were acquired to avoid occlusions 575 at the rock slope face and subsequently registered to a unique model thanks to the topographic survey. 576
The maximum error estimated during the registration process was approximately 5 mm which is 577 considered to be acceptable. Joint sets derived from DTP and TLS were compared ( Figure 5 ) and show a 578 good agreement in terms of both mean dip and dip directions. 579
To complement the geomatic surveys, engineering geological surveys were carried out to provide 580 supplementary information on the physical-mechanical characteristics of the joints and the rock mass. In addition, a kinematic analysis was carried out in order to analyse the stability of the buttress and the 588 overhanging natural slope. Considering the quality and the amount of data available from the above 589 mentioned surveys, this analysis was performed using a deterministic approach. The study area was 590 subdivided into different zones based on a spatial analysis carried out by GIS techniques. The results 591 obtained from this analysis are in agreement with previous studies carried out in the area by geologists 592 and professional hand scaling personnel and with the mitigation work previously carried on the slope 593
The last component of this research was a FDM analysis of the stress distribution in the buttress broadly 595 representative of its geological history and recent excavation stages. It is known from literature how 596 stress-induced damage due to excavation is a frequent problem in mining and quarrying activities and, as 597 mentioned previously, the presence of such stress-induced fractures was found in the study area. These 598 newly generated stress-induced brittle fractures may be an important consideration in the stability of an 599 area and their study could decrease the risk of failure and increase the quality of marble in future 600 extraction works. For this reason, with the aim of improving knowledge of the stress distribution in the 601 marble buttress, FDM analyses were carried out using FLAC 3D. An initial analysis (Analysis 1) wasresults showed positive tensile stresses in certain positions on the buttress. The analysis described in this paper has highlighted the presence of two main stress tensors: the first East-615
West directed and the second North-South. This result agrees with the theory that two different tectonic 616 stages (D2S1 and D2S2) took place within the D2 phase [10] It should be emphasised that the WinTensor analysis is based on only 20 measurements due to the 626 difficulty in finding more slickenside kinematic indicators within the area (due to erosion and 627 inaccessibility). For this reason and because of the major importance that direct measurement of stress can 628 have on future slope analyses, it is clear that the described WinTensor stress study represents a first 629 preliminary stage in improving the understanding of the in-situ stress acting in the area and that further in-630 situ measurements would be necessary to better clarify stress response and induced damage within the 631 marble buttress. 632 633 8. Conclusions 634 described overcomes a frequent problem related to the inaccessibility of rock slopes, owing to their 638 height, which can lead to erroneous evaluations of stability. DTP and TLS are shown to provide powerful 639 modelling and analytical tools in the study of the geometry of the slope. DTP was carried out through the 640 use of a UAV system. This technique overcomes problems related to elevation, steepness and complex 641 geometry of slope; it is less expensive than other photogrammetric techniques showed in previous 642 research such as aerostatic balloons and helicopters and with a good flight plan photogrammetric 643 acquisition of areas can be obtained that would be impossible to survey with any other vehicle or 644 methodology. TLS was performed using a long range laser scanner (up to 1 Km range) with three 645 different point clouds acquired to avoid occlusions. The TLS model was overlapped with the 646 photogrammetric model to create a high resolution 3D model useful in the definition of the main 647 geological features and in the development of the 3D slope model to be used in subsequent kinematic and 648 numerical analysis. 649
Kinematic analysis was carried out using GIS techniques. Using developed thematic maps, different 650 kinematic analyses were performed according to the varying slope geometries so as to determine the 651 steepest safe angles. As a result, this approach was able to overcome the common problem of complex 652 slope geometry encountered in kinematic slope analyses. 653
Finally, a FDM analysis of the stress distribution in the buttress was performed to verify the possibility of 654 tensile stress generation after the excavation phase. A study of palaeostress was carried out with the 655
WinTensor software to understand how structures influenced the geological history of the area. Based on 656 this study, a sensitivity analysis using different K values was performed in FLAC 3D to evaluate the 657 influence of assumed in-situ stress ratio on the simulated stress distribution in the buttress. This research 658 demonstrates that unloading due to erosion and slope excavation can lead to tensile stress in the marble 659 buttress and that this will be amplified when high in-situ stress conditions are present. The FDM 660 simulation shows that, even though the tensile stresses do not reach very high magnitudes and they might 661 not be enough to generate brittle fractures in the intact rock mass (for the Kx and Ky values until now 662 investigated), they are parallel to the X direction (West-East) which is approximately the same direction 663 as the strike of the S1 foliation surfaces that characterize most of the Apuan Alps. As the S1 foliation 664 represents the direction of weakness in the rock mass, it is suggested that S1 may have an important 665 control on the nucleation and propagation of brittle fracturing. Moreover, as before mentioned, the new 666 generated fractures, was observed connecting two adjacent system discontinuities. 667
This agrees with the field observations (often the brittle fractures in the Carrara marble district follow the 668 same direction as S1) and previous studies carried out in the area [ 
Future developments and works 674
Field measurements of in-situ stress were not available for this research. As this data becomes available 675 (in collaboration with the Unità Sanitaria Locale -USL1 of Massa-Carrara), further numerical modelling 676 will be carried out to allow the absolute stress distribution during the quarry excavation phases to be 677 better understood (particularly in order to evaluate the buttress behaviour in case of low and very low (up 678 to ≈ 0,1) Kx and Ky values [32] . 679 Laboratory testing will be performed to improve the information on the mechanical properties of the 680 marble and to better define the role of the S1 foliation in the tensile strength of the rock. Further 681 numerical simulation will then also be undertaken using a FDEM-DFN (Discrete fracture 
